INTRODUCTION
Parkinson disease (PD) (OMIM 168600) is a common neurological disease affecting 1% of the population over the age of 65. It is clinically characterized by resting tremor, bradykinesia, rigidity and postural instability (1) . To date, mutations in SNCA, LRRK2, EIF4G1 and VPS35 have been implicated in autosomal dominant, late-onset, Lewy body (LB) PD (2 -8) , whereas mutations in PRKN/PARK2, PINK1 and DJ-1/PARK7 have been observed in autosomal recessive early onset parkinsonism (9 -11) . Although Mendelian forms of parkinsonism are uncommon, their characterization has elucidated molecular mechanisms for disease and driven the creation of etiologic in vitro, ex vivo and in vivo models in which to test and develop novel therapeutics. To further our knowledge of the molecular etiology of disease, we have applied exome sequencing in multi-incident families with PD to identify additional genes and mutations (6) .
We identified a Mennonite family of Dutch -GermanRussian ancestry in which 13 family members have been diagnosed with PD ( Fig. 1; SK1 ). This Mennonite deme originated in the Netherlands in the sixteenth century and migrated to German-speaking Prussia and southern Russia in the following centuries, before settling in Canada in the late-nineteenth century. DNA samples from affected family members were used to exclude all known mutations and copy number variants previously implicated in monogenic parkinsonism (2 -11) .
This family consisted of 118 individuals over four generations, with DNA samples available from 57 family members, including 11 individuals diagnosed with PD and one with progressive supranuclear palsy (PSP) (OMIM 601104). A simplified pedigree omitting those for whom DNA was not available, some spouses and the youngest generation is presented in Figure 1A . Disease transmission follows an autsomal-dominant inheritance pattern with a male predominance. The mean age of onset was 67.0 + 9.5 years (SD). Death occurred after an average of 13.2 + 4.1 years (SD), although one patient is still alive after 20 years of disease duration. The patients displayed slowly progressive, late-onset asymmetric parkinsonism with a combination of tremor, rigidity, bradykinesia and a good response to levodopa where tried. Detailed clinical description is provided in Supplementary Material, Table S1 . Three patients presented pathology consistent with brainstem or transitional LB disease, and one patient presented tauopathy consistent with PSP. To identify the cause of disease in this family, we performed exome sequencing in three affected family members (SK1 II-7, III-4 and III-14). We identified disease-segregating variants and genotyped them in five large multi-ethnic casecontrol series including control subjects of Mennonite descent.
RESULTS
Exome analysis in three affected family members from SK1 (II-7, III-4 and III-14) identified sixteen novel missense and nonsense mutations common to all three individuals (Supplementary Material, Table S2 ). Sequencing of the amplicons containing these sixteen variants in the other nine family members diagnosed with PD or PSP and 117 unrelated healthy Mennonite controls from Canada resulted in the exclusion of fourteen variants. These were either identified in controls with a frequency over 2%, or were not deemed to cosegregate with disease, defined as more than two family members diagnosed with PD not carrying the variant. The remaining two variants, c.2564A . G (p.Asn855Ser) in DnaJ (Hsp40) homolog, subfamily C, member 13 (DNAJC13; NM_015268.3) and c.791G . A (p.Arg264Gln) in zinc finger and BTB domain containing 38 (ZBTB38; NM_001080412.2), were present in all family members diagnosed with PD with the exception of SK1 III-2 and III-10 ( Fig. 1) . These two variants are separated by 9 Mb and were found to cosegregate in all family members. Two-point linkage analysis assuming a fully penetrant disease without phenocopies resulted in a logarithm of odds (LOD) score of 4.79 (u ¼ 0.05), adding a 10% phenocopy rate to the disease model increased the LOD score to 5.29 (u ¼ 0) thus, highlighting the high level of co-segregation with disease, strongly suggesting this region as the disease locus for this family despite not being shared by two affected family members.
Both variants were subsequently genotyped in a multi-ethnic case -control series consisting of 2928 cases and 2676 controls. This analysis did not identify additional patients with ZBTB38 p.Arg264Gln; however, two familial probands (BC1 and SK2) and two sporadic cases (SK3 and SK4) with DNAJC13 p.Asn855Ser were found (Fig. 1B) ; neither mutation was observed in healthy controls. Segregation analysis in BC1 inferred one additional DNAJC13 p.Asn855Ser carrier who had been diagnosed with dementia.
Haplotype analysis of DNAJC13 p.Asn855Ser was performed with an Illumina OmniExpress 730k array and microsatellite markers between D3S3606 and D3S3684 (Table 1) . Although phase could only be determined for SK1 and BC1, all mutation carriers were found to share several rare alleles across the disease haplotype, indicating that they are likely to descend from a common ancestor in whom the mutation originated. This is additionally supported by the Dutch-German -Russian Mennonite ancestry reported by all patients with the DNAJC13 p. Asn855Ser mutation. To ensure that no other mutations in this haplotype were overlooked, any exons not examined by NGS were analyzed by Sanger sequencing; no further mutations were identified. These analyses indicate that DNAJC13 p.Asn855Ser is a pathogenic mutation, whereas ZBTB38 p.Arg264Gln is a rare variant. Additional support of pathogenicity for DNAJC13 p.Asn855Ser is provided by the high level of conservation from humans to worm observed at this position (Fig. 2) ; in contrast, ZBTB38 p.Arg264Gln is not evolutionarily conserved.
Disease onset for DNAJC13 p.Asn855Ser mutation carriers in SK1 ranges between 59 and 85 years with an average age of 69.3 + 8.6 years (SD). Six asymptomatic carriers were observed, four were at least 16 years younger than the average age at disease onset (data not shown) and two at the average onset age (70 and 71 years). Pathological examination for SK1 II-1, II-7 and II-9 was consistent with brainstem or transitional LB disease (data not shown). Immunological staining against DNAJC13 revealed finely granular cytoplasmic immunoreactivity in a subset of neurons in the dorsal motor nucleus of vagus, raphe nuclei, oculomotor nucleus and, to a lesser extent, the substantia nigra and locus coeruleus. Although fewer than 50% of LBs were labeled, staining appeared to be region specific; a lack of staining was observed for LBs in neurons of the locus coeruleus, weak staining in the dorsal motor nucleus and strong LB immunoreactivity in the substantia nigra (Fig. 3 ). SK1 II-3 did not present immunoreactivity in neuronal or glial tau-immunoreactive lesions characteristic of PSP, including neurons in the oculomotor nucleus. Normal control brains presented weak immunoreactivity to DNAJC13 antibody (data not shown).
To investigate the physiological consequence of the DNAJC13 p.Asn855Ser mutation, we assessed the uptake of transferrin (TF), a membrane receptor ligand that is constitutively internalized and recycled through the endosome pathway (12, 13) . COS7 cells expressing a GFP control, wild-type (WT) or mutant DNAJC13 were exposed to 568-conjugated TF for 1 h at 48C and either fixed immediately (T0) or after a 40 min incubation at 378C (T40). There were no differences in the TF signal at T0 in either DNAJC13 condition, relative to GFP alone ( Fig. 4A ), indicating that surface levels of TF were similar between groups. After 40 min of chase at 378C, TF accumulated in perinuclear punctae in the GFP transfected control cells. In comparison, cells overexpressing WT DNAJC13 had fewer perinuclear TF clusters (0.55-fold; ANOVA P ¼ 0.05, F 2,6 ¼ 5.20; Fisher's P ¼ 0.03); potentially indicative of impaired endocytosis or more likely enhanced trafficking of TF out of the endosomes (Fig. 4) . In cells overexpressing DNAJC13 mutant, there were also fewer clusters (0.59-fold) compared with GFP control (Fisher's P ¼ 0.04), but those remaining were significantly brighter, that is the clusters covered a larger area (1.71-fold; ANOVA P ¼ 0.02, F 2,6 ¼ 8.64; Fisher's P ¼ 0.01) and had enhanced density (1.94-fold; ANOVA P ¼ 0.02, F 2,6 ¼ 8.19; Fisher's P ¼ 0.01) compared with GFP or GFP-DNAJC13-WT, as a result of increased size or density, indicative of increased endocytosis or more likely decreased trafficking out of the TF-labeled endosomes (12) . The exact mechanism of mutant-induced alterations to endosomal trafficking will be the focus of future studies; however, it appears that the p.Asn855Ser mutation in DNAJC13 alters its cellular activity and the regulation of endosomal membrane trafficking.
To identify if additional pathogenic mutations in DNAJC13 exist, we sequenced all 55 coding exons in 235 multi-ethnic familial probands from Canada, Norway, Taiwan and Tunisia. This analysis identified four novel silent (p.Ala283Ala, c.849G . A; p.Thr391Thr, c.1173A . T; Leu1038Leu, c.3112C . T; p.Pro1117Pro, c.3351C . T) and two missense variants (p.Thr1082Ile, c.3245C . T; p.Arg2115Leu, c.6344G . T) (Supplementary Material, Table S3 ; p.Thr1082Ile has been recently described in dbSNP; rs202127368). Both novel DNAJC13 missense variants were genotyped in the multi-ethnic case-control series identifying three PD patients and three controls with the p.Thr1082Ile variant, indicating this variant is rare and most probably benign. No additional carriers of p.Arg2115Leu were identified. Segregation analysis in the Tunisian kindred with p.Arg2115Leu identified two additional mutation carriers; however, only one diagnosed with PD (Fig. 1C) . This kindred presents a very disparate age at disease onset, while the proband developed symptoms at age 24 his mother was healthy until age 52. The unaffected sister with the p.Arg2115Leu mutation, at age 46, had not been diagnosed with PD. Although the p.Arg2115Leu variant is very highly conserved (Fig. 2) and was not identified in controls, additional proof for pathogenicity is needed.
DISCUSSION
Exome sequencing analysis in a family of Dutch -GermanRussian Mennonite ancestry presenting autosomal-dominant PD led to the identification of DNAJC13 p.Asn855Ser mutations segregating with disease, with significant evidence for linkage. This mutation was not identified in 2676 control subjects, including 117 of Mennonite descent, nor in any public variant databases (14, 15) . DNAJC13 parkinsonism and idiopathic PD appear to be clinically and pathologically similar.
Two symptomatic family members (SK1 III-2 and III-10) did not carry the DNAJC13 mutation. The clinical presentation of disease in SK1 III-2 is somewhat distinct from all other affected carriers in the family. The age at disease onset for this patient (49 years) is .2 SD below the mean age at onset for p.Asn855Ser carriers. He presented with bradykinesia, rigidity, tremor and postural instability; additional clinical features include dystonia (left foot) and severe dyskinesias, and markedly dysarthric speech. A history of hesitancy, depression and REM behavior disorder were also present. After 20 years of disease, there are no signs of dementia or abnormal extraocular movements, and his level of disability fluctuates between stage 2 and 5. The disease symptoms are typical for advanced PD of long disease duration. His father, SK1 II-3, presented all cardinal signs of PD and in addition had pseudo bulbar affect, dysphagia, dementia and only a moderate response to levodopa. Clinical diagnosis of PSP was pathologically confirmed at autopsy. These findings suggest a different etiology for disease in this branch of the family. Clinical features for SK1 III-10 include right arm bradykinesia and rigidity, without signs of postural or resting tremor or significant functional impairment. Additional features include mild hypomimia and hypophonia providing an overall clinical diagnosis of early PD without need for treatment.
The pathogenicity of DNAJC13 p.Asn855Ser is strongly supported by segregation with disease, the identification of five additional patients harboring the mutation, lack of healthy controls with the mutation and the high level of conservation across species. However, the presence of two phenocopies suggests other pathogenic mutations cannot be entirely excluded. Phenocopies in large pedigrees with PD are expected, and typically observed in 18-20% of autosomal-dominant families (16) . To address this possibility, we sequenced the entire coding region of 115 genes known to be implicated in neurological disorders in SK1 II-3, III-2 and III-10 using a targeted capture panel. Despite this effort, none of the variants identified could account for disease in these patents; coding variants with a minor allele frequency under 5% are presented in Supplementary Material, Table S4 . DNAJC13, also known as RME-8, is a DNAJ-domain-bearing protein that localizes to the membranes of the endosomal system where it binds through its DNAJ-domain to the molecular chaperone heat shock cognate 70 (Hsc70) (HSPA8) (13) . HSPA8 is a clathrin uncoating ATPase that has been most extensively studied for its role in the dissociation of clathrin from clathrincoated vesicles (CCVs) (17) . HSPA8 is also recruited to CCVs through interactions with the DNAJ-domain cofactor proteins auxilin (DNAJC6) or its homologue cyclin G-associated kinase (GAK) (17) . It is interesting to note that mutations in DNAJC6 have been recently identified in juvenile parkinsonism (18) , and genome-wide association studies have identified susceptibility alleles for PD at chromosome 4p16 spanning the GAK/ DGKQ locus (19) . Interestingly, DNAJC13 has also been shown to interact with the retromer component sorting nexin 1 (20) . The retromer generates clathrin-independent carriers that mediate retrograde targeting of selective cargo from endosomes to the trans-Golgi network (21) . DNAJC13 is thus thought to function by coordinating retromer with endosomal clathrin coats, either by regulating clathrin dynamics to allow for the sorting of cargo from clathrin subdomains into the retrograde vesicles or by creating clathrin-free patches on endosomal membranes allowing for sites of retromer-mediated vesicle formation (12, 20) . Preliminary functional analysis indicates that the expression of DNAJC13 p.Asn855Ser in COS7 cells leads to accumulation of TF in endosomal compartments, suggesting interference with endosomal compartmentalization or trafficking as the pathological mechanism of disease. The importance of DNAJC13 function in endosomal trafficking is evident from several studies showing alterations in trafficking of well-known retromer cargos when its function is perturbed (13, 20) . The function of retromer itself is linked to PD through the observation that mutations in another retromer subunit, VPS35, can cause familial parkinsonism (6, 7) . Immunofluorescence and co-immunoprecipitation studies show endogenous VPS35 co-localizes with DNAJC13 in mouse primary cortical neuron cultures (Supplementary Material,  Fig. S1 ). Interestingly, LRRK2, in which mutations have been linked to late-onset PD (3, 8) , also co-immunoprecipitates with VPS35 (22) . LRRK2 has a major role in autophagy (23) , and genetic linkage and biological data have recently converged to nominate lysosomal impairment as a unifying molecular theme in early onset parkinsonism with LB pathology (24) . However, in neurons LRRK2 plays a role in trans-Golgi protein sorting (25), morphogenesis (22) and synaptic endocytosis (26) . Genetic variability in SNCA and MAPT are most commonly associated with familial and sporadic PD (27) . In neurons, SNCA predominantly localizes to presynaptic terminals and is involved in the generation and maintenance of vesicle pools, chaperoning SNARE complex assembly and in synaptic vesicle recycling upon neuronal stimulation (28) (29) (30) (31) . Levels of SNCA and endophilin A1 are functionally related, and with LRRK2, likely contribute to synaptic exo-and endocytosis (26, 32) . The role of MAPT through the stabilization of microtubules plays a critical role in regulating axonal-dendritic transport, vesicle dynamics and plasticity (axonal growth and dendritic spine dynamics) (33) . Thus, the discovery of a pathogenic mutation in DNAJC13, a component of the endosomal recycling system, also helps tether and unify past observations to emphasize the role of endosomal recycling rather than endolysosomal protein degradation in the biology of late-onset PD.
MATERIALS AND METHODS

Participants and procedures
A large multi-incident family with PD and five independent PD patient control series consisting of 2928 cases and 2676 control subjects from Canada (including 117 of Mennonite descent), Norway, Taiwan, Tunisia and the USA were included. The demographics for each series are presented in Supplementary Material, Table S5 . All patients were examined and observed longitudinally by a movement disorders neurologist and diagnosed with PD according to published criteria (34) . Dementia was evaluated using mini-mental state examination (MMSE). Unrelated controls of identical ethnicity, without evidence of neurological disease, were consecutively sampled. The ethical review boards at each institution approved the study, and all participants provided informed consent.
Exome sequencing
Exonic regions were captured using Agilent SureSelect 38Mb Human All Exon Kit and subsequently sequenced in an Illumina Genome Analyzer by 76 bp paired-end reads with a minimum average coverage of 30 reads per base. Short reads were mapped to NCBI Build 37.1 reference genome using firstly Bowtie 12.70 and secondly Burrows-Wheeler Aligner 0.5.9 for unaligned reads (35, 36) . Reads presenting multiple alignments were discarded to avoid false-positive variant prediction. Local realignment around insertions and deletions was performed via GATK (37) . Sequences with a mapping Phred quality score under 20 were excluded from further analysis. SAMtools was used to call variations relative to the human genome reference (38) ; variants observed with fewer than two reads or having quality score under 30 were omitted. Exclusion of frequently observed variants (minor allele frequency .1%) was achieved by comparison with publicly available and proprietary databases of variants. Rare and novel variants were analyzed by SIFT to identify those resulting in missense and nonsense substitutions (39) .
Sequencing and genotyping analysis
Genomic DNA was extracted from peripheral blood lymphocytes using standard protocols. Primer pairs were used to sequence amplicons containing novel variants and all 55 coding exons and exon -intron boundaries of DNAJC13 (NM_ 015268.3) by polymerase chain reaction (PCR) (Supplementary Material, Table S6 ). PCR products were purified from unincorporated nucleotides using Agencourt bead technology (Beverly, MA, USA) with Biomek FX automation (Beckman Coulter, Fullerton, CA, USA). Sequence analysis was performed as previously described (40) . All novel variants were examined for disease segregation in affected and unaffected family members by additional sequencing. Evidence for segregation with disease was assessed using parametric linkage analysis, as previously described (2) . All potentially pathogenic mutations were genotyped in case -control series using TaqMan probes; and mutations carriers confirmed by direct sequencing. Novel variants from exome and sequencing analysis have been submitted to the dbSNP-polymorphism repository (http:// www.ncbi.nlm.nih.gov/SNP/).
Haplotype analysis
Microsatellite markers were chosen to span the DNAJC13 locus between D3S3606 and D3S3684 (Table 1) . One primer of each pair was labeled with a fluorescent tag and PCR reactions were performed under standard conditions. Products were run on an ABI 3730 genetic analyzer, and the results were analyzed using GeneMapper 4.0 (Applied Biosystems). Marker sizes were normalized to those reported in the CEPH database.
Construct design, cell culture and transfection
A cDNA clone encoding a GFP-fused human DNAJC13 was a gift from Dr Sekiguchi (Osaka University, Japan) (12) . The p.Asn855Ser mutation was inserted by site-directed mutagenesis (primers available on request). GFP-DNAJC13 was then subcloned into a TOPO vector (Addgene) and restriction digestion with BamHI and EcoRV was used to replace GFP in CAG-AAV-GFP with WT or mutant GFP-DNAJC13. COS7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (Invitrogen) at 378C with 5% CO 2 . Cells were plated on coverslips for 24 h prior to transfection with GFP, WT or mutant DNAJC13 using TurboFect (Fermentas) according to manufacturer's instructions.
Transferrin uptake assay, imaging and analysis
Cells were incubated in serum-free DMEM + 0.1% bovine serum albumin (BSA) (Sigma) for 45 min at 378C with 5% CO 2 prior to incubation with 30 mg/ml transferrin Alexa Fluor w 568 (Invitrogen) in serum-free DMEM + 0.1% BSA for 1 h at 48C. Cells were then either fixed immediately in 4% paraformaldehyde for 15 min or placed at 378C with 5% CO 2 for 40 min prior to fixation. Images were acquired with fixed settings on a Fluoview1000 confocal microscope (Olympus Inc., 60 × /1.4 Oil Plan-Apochromat). Cells were masked using the GFP channel and transferrin integrated density (product of cluster area and mean intensity) was quantified by an experimenter blinded to conditions. Statistical analyses were 
